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Abstract Hollow spherical ZnO particles doped with Ag
were synthesized with a two-step oxidation and sublimation
furnace annealing process. Ag nanoparticle precipitates, as
observed by transmission electron microscopy, were present
in the polycrystalline ZnO matrix at Ag concentrations be-
low 0.02 mol%, significantly below the 0.8 mol% solubility
limit for Ag in ZnO. Enhanced Raman scattering of ZnO
phonon modes is observed, increasing with Ag nanoparticle
concentration. A further enhancement in Raman scattering
due to resonance effects was observed for LO phonons ex-
cited by 2.33-eV photons as compared with Raman scatter-
ing under 1.96-eV excitation. Room-temperature photolu-
minescence spectra showed both a near-band-edge emission
due to free exciton transitions and a mid-gap transition due
to the presence of singly ionized oxygen vacancies. ZnO:Ag
particles were measured electrically in a packed column and
in monolithic form, and in both cases displayed nonlinear
current–voltage characteristics similar to those previously
observed in sintered ZnO:Ag monoliths where Ag-enhanced
disorder at grain boundaries is thought to control current
transport. We demonstrate therefore that Ag simultaneously
modifies the electrical and optical properties of ZnO parti-
cles through the introduction of vacancies and other defects.
1 Introduction
Zinc oxide (ZnO) is a semiconductor which has found utility
in a broad range of electronic and opto-electronic devices,
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with recent advances toward practical applications at the
nanoscale. For example, ZnO nanowires have been demon-
strated as laser cavities [1, 2], and ZnO thin films are com-
monly employed as transparent conducting electrodes in so-
lar cells and light-emitting devices [3–5]. ZnO is also ef-
fective as a fast-switching modulator [6, 7]. For developing
useful nano- and microscale ZnO devices, it is important to
optimize both ZnO morphology and dopant incorporation.
For example, hollow zinc oxide spheres have been synthe-
sized by several groups and are potentially useful because of
their lower density and improved optical properties relative
to planar ZnO films [8–10]. A Zn sublimation-based pro-
cess has been hypothesized to explain the hollow particle
morphology [11] and this process has been observed in situ
with transmission electron microscopy for both nanoparti-
cles and microparticles [12, 13]. Catalysts such as Ag, Au,
Ni, or Co have also been used to produce nanostructured
ZnO with potentially valuable electrical and optical prop-
erties [14]. In particular, enhanced Raman scattering in Ag-
doped ZnO structures has been observed [14], but the source
of the enhancement is not well understood.
Here we show that Ag-doped ZnO particles can be
formed with embedded Ag nanoparticles when Ag is present
at a sufficient concentration during thermal processing. We
observe enhanced Raman scattering signatures in these par-
ticles with embedded Ag nanoparticles, and hypothesize
a correlation between the nanoparticles and the enhanced
scattering cross section. Room-temperature photolumines-
cence (PL) is used to identify oxygen vacancies, defects, and
changes in near-band-edge (NBE) emission associated with
disorder within the hollow ZnO microstructure. Finally, we
demonstrate nonlinear conductivity in Ag-doped ZnO parti-
cles, similar to that observed in sintered monolithic ZnO:Ag
samples [15].
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2 Particle synthesis
Doping of Zn particles is accomplished using a solution-
based plating process. Zn particles, 1–5 µm in diameter, re-
duce silver in solution so that a small amount of silver is
deposited onto the surface of each particle. The zinc is then
oxidized at low temperature to form an oxide which prevents
agglomeration and melting when the temperature is raised
for faster oxidation. After the oxidation step, the remaining
zinc is distilled away by heating in flowing argon.
In a typical synthesis process, 10 g of zinc powder is sus-
pended in 150 ml of deionized water by rapid stirring, and
3 × 10−3 moles of AgNO3 in 100 ml of water are added
drop-wise over a period of at least an hour. The resulting
plated zinc is settled, rinsed twice with 100 ml of water,
and drained. Two rinses with methanol (10–15 ml each)
are used to remove most of the remaining water, and the
powder is then dried at 60 ◦C in air. This amount of sil-
ver represents a baseline doping for experiments reported
here (‘1×’ doping), and corresponds to the amount of sil-
ver that would cover all particles with a monolayer of silver,
assuming 1-µm particles and 100 % efficient silver depo-
sition. If the monolayer has a similar atomic density com-
pared to the zinc particle, then this corresponds to a dop-
ing concentration of ∼1019 cm−3 (∼0.02 mol%), of which
some fraction would be electronically activated by subse-
quent thermal processing. For the lower doping levels (e.g.
‘0.01×’), the procedure is the same except that the silver
concentration in the doping solution is correspondingly re-
duced.
Next, a 1 g aliquot of the doped zinc powder is weighed
into a porcelain furnace boat and oxidized in a tube fur-
nace in ambient air with a multi-step process: heating from
room temperature to 400 ◦C in one hour, followed by a
four-hour hold at that temperature. The temperature is then
raised to the nominal oxidation temperature of 550 ◦C
over a one-hour period, and held for six hours. The ox-
ide is allowed to cool in the furnace, and then removed
and mechanically pulverized. Following the oxidation step,
the same furnace is configured for a pure argon atmo-
sphere (∼0.3 l/min flow rate) and the same heating profile is
used for distillation, except that the upper hold temperature
is 700 ◦C.
3 Characterization by SEM, TEM, EDS, Raman
spectroscopy, and photoluminescence
Figure 1a shows a scanning electron microscope (SEM) im-
age of a typical ZnO particle synthesized by this process,
where the particle has been sectioned by a focused ion beam
(FIB) to illustrate the hollow morphology. ZnO micropar-
ticle diameters ranged from approximately 1 to 5 µm with
shell thicknesses of 0.2–1 µm. Additional details of the hol-
low particle formation process have been reported elsewhere
[11–13]. Figure 1b shows a typical transmission electron mi-
croscope (TEM) image of a heavily doped ZnO:Ag particle,
in which Ag precipitates are visible in darker contrast; some
indicated with solid line circles. Ag precipitate diameters
range from tens of nm to about 100 nm. Energy-dispersive
spectroscopy (EDS) was performed on the areas indicated
by the solid line circle, and in areas such as shown with
the dashed-line circle. Typical spectra are shown in Fig. 1c,
demonstrating that the lighter-phase material has an elemen-
tal composition of Zn and O, while the darker areas contain
Ag. (Cu from the TEM grid is also present in the EDS spec-
tra.) Selected-area diffraction patterns were also obtained
from the matrix material (data not shown) and extracted d-
spacings were consistent with hexagonal ZnO crystal struc-
ture.
Figures 2 and 3 show TEM images of lighter-doped
(Fig. 2) and heavier-doped (Fig. 3) ZnO particles. TEM
samples were prepared by focused ion beam sectioning. In
Fig. 2, elemental maps indicate the presence of Zn and O,
and the absence of Ag in discrete volumes. Figure 3 shows
similar maps of Zn and O, and in Fig. 3d, precipitates of Ag
are highlighted.
Samples of ZnO powder, undoped and doped with Ag,
were characterized with a JY Horiba Raman spectroscopy
system equipped with either a HeNe (633 nm, 1.96 eV)
or a frequency-doubled diode-pumped Nd:VO4 (532 nm,
2.33 eV) continuous-wave laser source. A 20×/NA 0.28 ob-
jective was used to focus on an area of interest, and light
from the sample was collected in a backscatter geometry
before being dispersed onto a liquid nitrogen-cooled CCD
(Princeton Instruments PB-1100) by a 600 lines/mm grating.
Figure 4 shows Raman spectra obtained from undoped and
Ag-doped ZnO particles with our baseline Ag concentration
(‘1× Ag plating’), together with a concentration which re-
sulted from 100× less Ag in the plating solution (‘0.01× Ag
plating’). Spectra shown are averages of five separate mea-
surements obtained by integrating for 30 s each. All spectra
have been renormalized in counts/s for clarity, using scaling
factors shown in the graphs.
Several first- and second-order scattering bands are ob-
served in Fig. 4a and b for undoped ZnO, which have an ap-
parent weak dependence on laser energy, EL. Specifically,
we note the distinct peaks at 205, 345, 381, 418, 437, 545,
and 581 cm−1, with the peak at 437 cm−1 being dominant.
With increased Ag doping, a strong enhancement of Raman
scattering was observed over 300 to 600 cm−1. In particu-
lar, for EL = 2.33 eV, a first-order mode near 545 cm−1 is
strongly enhanced by doping, red shifting in frequency rela-
tive to the undoped sample by ∼10 and ∼20 cm−1 for 0.01×
and 1× plated samples, respectively. Under EL = 1.96-eV
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excitation a new mode appears at ∼370 cm−1 and also ap-
pears strongly enhanced as a function of doping (this fea-
ture may also faintly appear in the 1× Ag plated spectra for
EL = 2.33 eV). Aside from the enhanced modes, most fea-
tures in the undoped ZnO spectrum diminish substantially
at the highest doping levels under both excitations, with the
exception of the mode at 437 cm−1, which is faintly visi-
ble.
PL measurements were made under ambient conditions
(T = 23 ◦C) using a diode-pumped Nd:YLF laser operating
at 351 nm as the off-axis excitation source and an uncooled
Si microspectrometer (Ocean Optics S2042). Figure 5 shows
spectra for the undoped and doped ZnO samples. A strong
emission band at 3.25 eV is observed in all samples with
a FWHM of ∼0.2 eV, broadening and slightly blue shift-
ing with Ag nanoparticle doping (inset). For the doped sam-
ples, a second broader feature is observed at 2.36 eV with
a FWHM of ∼0.5 eV. Additionally, a strong quench in
total PL signal as a function of Ag incorporation is ob-
served.
4 Electrical characterization
For electrical measurements, powder samples were loaded
into a capillary tube (radius 1 mm) with planar brass elec-
trodes, spring-loaded to provide a constant and repeatable
light pressure to the powder during electrical testing. The
density of the loaded samples in the capillary was in the
range 1.7–2.8 g/cm3 (∼30–60 % of the density of ZnO).
A high-voltage power supply (SRS-PS350) was used to gen-
erate an electrical potential across the sample in series with
a current meter (HP 3458A multi-meter). The power sup-
ply was current limited to 5 mA, while the current meter
has picoampere (pA) resolution, but the noise floor limited
readings to ∼100 pA. The applied voltage was typically
swept from 20 to 500 V in 5-V steps over the course of
∼20 s, with the applied voltage and current measured at
each voltage step. Because of the high voltages involved,
the sample holder was wrapped in a thin layer of Teflon and
mounted in a probe where the sample holder and leads were
electrically well isolated from one another and the probe
 Fig. 1 (a) SEM image of a ZnO particle, sectioned by focused ion
beam to illustrate hollow morphology. Metallic Zn residue is visi-
ble in this partially distilled cavity, likely formed by the union of
two smaller spheroidal particles. Particles which have been electri-
cally and optically characterized for this work are fully distilled so that
there is no metallic Zn remaining (see, for example, (b) and Figs. 2
and 3). (b) Bright-field TEM image of a heavily doped ZnO particle,
in which some dark-contrast precipitates are indicated with solid line
circles. EDS spectra from areas corresponding to these circles is shown
in (c), indicating that Ag is present. In a spectrum obtained from the
bright-field TEM matrix material (dashed circle in (b)), the elemental
content is Zn and O. Cu indicated in the spectra is from the TEM grid
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Fig. 2 TEM images of 0.01× plated Ag-doped ZnO indicating the
broadly dispersed, heterogeneous distribution of Ag within the ZnO
particle. The spatial overlap of Zn (b) and O (c) maps indicates
that this Zn particle is fully oxidized. No Ag particles of significant
size are visible in (d). Pt was deposited prior to FIB sectioning of
the TEM sample. Note the absence of metallic Zn in the cavity in this
fully distilled particle, contrasting the partially distilled particle shown
in Fig. 1a
but in good thermal contact with the cryostat, which main-
tained sample temperatures constant at 23 ◦C during mea-
surements.
Figure 6 shows representative current density/electric
field strength characteristics for a samples of ∼4.3 mg 1×
and 0.01× doped ZnO:Ag particles, as measured in a packed
powder column. These samples were ∼0.54-mm long, and
measurements shown were obtained at 23 ◦C. Note the
power law exponents of 4.3 for the 0.01× Ag plated par-
ticles, and 3.5 for the 1× Ag plated particles.
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Fig. 3 TEM images of 1× plated Ag-doped ZnO indicating the presence of Ag particles within the ZnO particle (d). The spatial overlap of Zn
(b) and O (c) maps indicates that this Zn particle is fully oxidized
A monolithic Ag 1× ZnO sample was prepared by the
same process used to fabricate the powder samples. Af-
ter the distillation annealing step, however, the sample was
tested intact as opposed to being pulverized and mounted
in a capillary tube. Electrodes were formed using conduc-
tive epoxy. A representative plot of current density vs. ap-
plied field is shown in Fig. 6 for a ZnO:Ag monolith of
∼0.5 mm × 0.5 mm × 0.5 mm at 23 ◦C. The actual cur-
rent density and applied field values are approximate be-
cause the sample was not rectilinear. However, the power
law behavior of the sample conduction is well defined.
The value of the power law exponent, 2.3, is lower than
but similar to exponent values observed in powder sam-
ples.
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Fig. 4 Raman spectra of ZnO and ZnO:Ag (two Ag concentrations)
excited by 2.33-eV (a) and 1.96-eV (b) laser sources
5 Discussion
ZnO crystallizes in the wurtzite structure (space group C46v)
yielding Raman-active phonon modes at the Γ point with
A1, E1, and E2 symmetries [16]. A1 and E1 modes are polar
and thus split into TO–LO pairs. The E2 doublet is further
described by low and high (frequency) branches. Figure 4
shows the largest peak in undoped ZnO at 437 cm−1, which
we can attribute to the non-polar E2 (high) fundamental opti-
cal mode in ZnO. This peak has been previously observed to
decrease monotonically in ZnO:Ag as Ag doping concentra-
tion increases from 0 to 5.5 at.% in 200-nm-thick ZnO films
sputtered on Si substrates (Ag doping by co-sputtering) [17].
However, the decrease was relatively small—a few percent
over the full doping range. Furthermore, the enhanced broad
peaks we observe at wavenumbers lower and higher than the
E2 fundamental optical mode at 437 cm−1 are not observed
Fig. 5 Room-temperature photoluminescence spectra of ZnO and
ZnO:Ag (two Ag concentrations) under 3.53-eV excitation. The inset
shows an expanded view of the main band at ∼3.25 eV indicating a
small energy shift and broadening due to Ag nanoparticle doping
in these co-sputtered thin films. This may indicate the lack
of nanostructured Ag precipitates in the sputtered films.
Also, in ZnO:Ag co-sputtered films [17] a local vibra-
tional mode (LVM) at 411 cm−1 increases monotonically
in ZnO:Ag as Ag doping concentration increases from 0
to 5.5 at.%. At 418 cm−1 there is a predicted LVM based
on effective mass considerations [18]. Neither peak is di-
rectly observable in our spectra, perhaps due to the prox-
imity of other nearby broad, enhanced peaks. For exam-
ple, in Fig. 4b, a broad enhanced Raman peak spans the
range 300–380 cm−1, thus overlapping the reported peak at
∼330 cm−1 in ZnO bulk as well as ZnO:Ag nanostructures,
which is attributed to a multi-phonon scattering in ZnO
[16, 19]. However, the absence of the mode at ∼330 cm−1
in the 1× Ag sample spectra under 2.33-eV excitation and
the persistence of the multi-phonon mode show that these
modes are in fact distinct.
Figure 4 also shows a broad enhanced Raman peak in
the range 525–565 cm−1 for both the 1× and 0.01× Ag
concentrations of the Ag-doped ZnO. The enhancement is
larger in the case of higher Ag doping, where TEM images
showed the presence of nanometer-scale Ag precipitates in
the ZnO matrix. We hypothesize that precipitates form as Ag
is segregated from Zn when the Zn oxidizes, and remain in
place near grain boundaries and other localized disordered
domains.
Enhanced peaks near 568 and 577 cm−1 have been re-
ported by Panda and Jacob [14] and Pachauri et al. [19]
in ZnO:Ag sword-like nanostructures excited by 514.5-nm
laser light. These peaks were attributed to the A1(LO) and
E1(LO) modes, and it was hypothesized that their enhance-
ment was due to the presence of Ag nanostructures. Activa-
tion of A1(LO) modes through disorder associated with O
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Fig. 6 Symbols indicate
measured current density as a
function of applied electric field
strength for ZnO:Ag particles at
1× and 0.01× Ag doping
(compressed powder), and 1×
Ag doped monolith. All
measurements were performed
at 23 ◦C. Power law fits to the
data are shown with solid and
dashed lines, together with their
functional forms
vacancies and/or Zn interstitials is likely, and may indicate
an enhancement of disorder immediately in the vicinity of
the Ag nanoparticles. The origin of the 370 cm−1 mode is
not presently understood, though the preferred enhancement
of the aforementioned LO modes at shorter wavelengths is
attributed to band gap resonance effects [20].
It is interesting to note the similarity of our 532-nm
(EL = 2.33 eV) spectra with those of Panda and Jacob [14]
and Pachauri et al. [19] with regard to the absence of an
enhanced mode near 370 cm−1. However, the sword-like
nanostructures [14] could not be synthesized without Ag,
so it was not possible to create control samples without Ag
to test the Raman enhancement model. In this work, by con-
trast, TEM data indicates the presence of Ag nanostructures
preferentially in the particles with Ag nanostructured pre-
cipitates, where the Raman scattering is enhanced. This cor-
relation represents direct evidence of the role Ag nanostruc-
tures play in creating the enhanced Raman signal, consistent
with the observation of enhanced Raman signatures in other
Ag nanostructures [21–25]. Moreover, the presence and en-
hancement of a peak near 530 cm−1 may indicate a similar
structural modification to the host ZnO lattice as observed
for Sb-doped films [26].
Though the theoretical origin of surface-enhanced Ra-
man scattering (SERS) has not been definitively established,
SERS is currently believed to arise from two principal mech-
anisms: the formation of a charge-transfer complex between
the surface and vibrating species; and an enhanced electro-
magnetic field produced at the metal surface [27, 28]. Re-
garding field enhancement, when the wavelength of the in-
cident light is close to the plasma wavelength of the metal,
conduction electrons in the metal surface are excited into
an extended surface electronic excited state called a sur-
face plasmon resonance. Vibrational modes active in close
proximity to the surface experience an exceptionally large
electromagnetic field with out-of-plane displacements most
affected. Alternatively, or in conjunction with the plasmon
resonance, charge transfer can occur between dopant atoms
and the unfilled orbitals of host atoms, with lone-pair elec-
trons or molecular π orbitals showing the strongest SERS in
organic materials [29].
It is likely that both of the aforementioned enhancement
mechanisms are involved in our Ag-doped ZnO samples
and each is observed under different excitation energies.
For example, the enhancement of the LVM-like mode near
370 cm−1 at 1.96 eV may indicate a plasmon resonance
since plasma coupling is expected to increase at longer
wavelengths, while the enhancement of the LO-like mode
near 525–565 cm−1 may be due to charge transfer with oxy-
gen surface states. A study focusing on understanding this
point, as well as probing into the origin of the 370 cm−1
feature, will be presented in a future work [30].
Under 3.53-eV excitation, the energy of the NBE emis-
sion band at 3.25 eV shown in Fig. 5 is observed to have a
weak dependence on Ag doping level. A dramatic quench-
ing of the PL signal with doping was also observed, similar
to the room-temperature PL intensity changes observed by
Wang et al. for >2.8 at.% Ag-doped ZnO thin films [17]. PL
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quenching has also observed in Ag-coated ZnO nanorods
[31]. In Wang et al. [17], a blue shift of the ∼3.2-eV PL
emission as a function of Ag doping was observed, and at-
tributed to donor–acceptor pair (DAP) transitions, following
the T = 4.2 K assignment by Meyer et al. for bulk ZnO [32].
However, as a function of increasing temperature, excitonic
transitions (both bound and free) tend to broaden and merge
with DAP and free electron and acceptor hole (FA) transi-
tions (for example, see Jeong et al. [33]). Furthermore, the
DAP transition in bulk ZnO is rather weak, and likely not
a dominant component of our observed spectrum. On the
other hand, free excitons are known to be quite stable in bulk
ZnO.
We therefore identify the NBE emission in our Ag
nanoparticle-doped samples with free excitonic recombina-
tion. The changes in line width observed associated with
doping are presumed due to structural disorder leading to
inhomogeneous broadening effects. The slight blue shift
may be due to changes in the contribution from bound ex-
citon states (E > 3.24 eV) or disorder-induced free exci-
ton binding energy changes. Temperature-dependent studies
are needed to further elucidate the mechanisms behind the
quenching and energy shifts of the NBE emission in Ag
nanoparticle-doped ZnO. An additional emission band near
2.36 eV (525 nm) is observed exclusively in the doped ZnO
PL spectra. We attribute this green emission to the recombi-
nation of photogenerated holes with singly ionized oxygen
vacancies [34]. Interestingly, despite the heavier doping lev-
els in the 1× Ag plated samples, the intensity of the ∼2.36-
eV peak relative to that of the 3.25-eV exciton transition is
roughly the same as for the 0.01× plating. This suggests that
the Ag doping does not increase the concentration of oxy-
gen vacancies, and that the latter are intrinsic to the hollow
microparticle ZnO fabrication process.
The current–voltage characteristics of ZnO varistors are
typically described by a power law relationship
I = kV α,
where I is current, V is applied voltage, and
α [= d(ln I )d(lnV )] is a nonlinearity constant which varies
with voltage. For sintered ZnO varistors in the breakdown
region, α is often in the range 20–50, and can be as high
as 100 [35]. In our unsintered powders, however, the coef-
ficient of nonlinearity is typically much lower, in the range
2–5, as shown in Fig. 6.
Figure 6 shows current–voltage characteristics of mono-
lithic ZnO:Ag which are similar to the current–voltage char-
acteristics of particle beds. The current–voltage dependence
is well described by a power law. The constant of nonlinear-
ity, 2.3, is lower than but similar to the 4.3 value observed
for the similarly doped powder sample. The lower exponent
value is consistent with the presence of additional current
paths in the monolithic sample, as would be expected in a
more highly interconnected monolith of particles. Similar
effects with constrained current paths have been observed in
polycrystalline silicon thin films [36].
The varistor breakdown voltage Vb is defined at which the
device current density J = 1 mA/cm2 [35]. For our devices,
this breakdown voltage corresponds to an electric field of
2000–2500 V/cm (Fig. 6). From bright-field TEM images
such as shown in Figs. 1b, 2a, and 3a (together with as-
sociated convergent beam electron diffraction patterns, not
shown), we observe that a typical ZnO grain has a diameter
of order 100 nm. This implies that at the breakdown field,
there is a voltage drop of 0.02–0.025 V/boundary.
We hypothesize that conduction in our ZnO:Ag particle
aggregates is controlled by grain boundary resistance in in-
dividual particles, similar to the mechanism observed in sin-
tered monolithic ZnO:Ag samples [15]. Grain boundary re-
sistance is likely increased in the presence of Ag+ ions, seg-
regated to the boundaries because of their larger size rela-
tive to Zn2+, since these larger Ag+ ions are more readily
accommodated in regions of local atomic disorder.
In the case of our unsintered samples, the 0.02–0.025
voltage drop/boundary is smaller by about a factor of 100
relative to the voltage drop in sintered samples reported in
Kuo et al., where average grain diameters are more than 100
times larger [15]. The 100-fold larger surface/volume ratio
of the smaller grains may allow for a significantly lower Ag
concentration at each boundary. Furthermore, in the larger-
grain samples reported in Kuo et al., Ag concentrations are
between four and 400 times higher than the highest Ag con-
centrations that could be present in the unsintered grains re-
ported here. At the relatively dilute Ag concentrations mea-
sured for this work (maximum 0.02 mol%), our data sug-
gests that conductivity is not a strong function of Ag con-
centration.
Note that nonlinear conduction can be realized in the
ZnO system reported here without sintering, with properties
modulated with Ag doping. Future applications may make
use of these properties of ZnO particles to create nonlinearly
conducting films or devices with low-temperature particle
deposition processes.
6 Conclusion
We reported on synthesis and electrical and optical proper-
ties of hollow, spherical Ag-doped ZnO particles. Starting
with metallic Zn particles, doped hollow ZnO particles were
created with a solution-based plating process followed by a
two-step annealing process. Ag doping levels were modified
by changing the concentration of AgNO3 in solution in the
plating bath. Hollow particles were formed by a thermal ox-
idation step to create Ag-doped ZnO shells over metallic Zn
cores, followed by sublimation of the Zn cores in a second
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thermal step. The hollow microstructure was characterized
with scanning electron microscopy after particles were sec-
tioned with a focused ion beam. Focused ion beam milling
was also used to prepare electron-transparent structures for
characterization with TEM. In the TEM, we employed EDS
and elemental mapping to demonstrate the presence of Ag
nanoparticles in more heavily Ag-doped ZnO, and the rela-
tive absence of these nanoparticles in lighter-doped ZnO.
Enhanced Raman scattering is seen in both types of par-
ticles, but the enhancement is greatest for the ZnO parti-
cles with higher Ag doping, in which Ag nanoparticles were
directly observed by TEM. A further enhancement in Ra-
man scattering due to resonance effects was observed for
LO phonons at EL = 2.33 eV. Room-temperature PL spec-
tra revealed both a NBE emission due to free exciton tran-
sitions which quench and blue shift with Ag doping, and a
mid-gap transition due to the presence of singly ionized oxy-
gen vacancies. Finally, particles were characterized electri-
cally, and we observed nonlinear conduction behavior well
described by a power law dependence on electric field. The
coefficient of nonlinearity is in the range 2–5 for these sam-
ples, which may be appropriate for some electro-optical ap-
plications where particle-based thin films and devices are
desired.
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